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' c5 STRAIN AGING EFFECT I N  TUNGSTEN DUE TO CARBON 
by Joseph R. Stephens1 and G. Willy Form2 db(/-52 LEWIS RESEARCH CEXCER 
ABSTRACT 4 / 
St ra in  aging charac te r i s t ics  of tungsten containing 8 and 40 ppm 
carbon were determined. Completely recrys ta l l ized  t e n s i l e  specimens 
were prestrained various amounts at 700' F and aged at 1200°, 1500°, 
// 
and 1800' F f o r  times up t o  4 hours. 
Results show that dis locat ion locking by so lu te  atoms was weak 
f o r  t h e  lower carbon l e v e l  as evidenced by t h e  lack of a y ie ld  drop 
i n  e i t h e r  t h e  prestrained o r  aged condition. Specimens containing 
40 ppm carbon exhibited a y ie ld  drop during t h e  p re s t r a in  tes t .  
Aging f o r  120 minutes at 1200' F did not r e su l t  i n  a re turn  of t h e  
y ie ld  drop. The s t r a i n  aging parameter, which r e f l e c t s  a summary 
e f f ec t  involving recovery, s t r a i n  aging, and prec ip i ta t ion  hardening, 
was negative for short aging times bz.t increised t.0 a pos i t ive  value 
after aging f o r  longer times. Aging at 1500' and 1800' F resu l ted  i n  
a r e tu rn  of t h e  y ie ld  drop, and t h e  s t r a i n  
f o r  a l l  aging times. Explanation of these  
terms of recent theories .  
INTRODUCTION 
aging parameter was pos i t ive  
phenomena are proposed i n  . 
As t h e  need f o r  higher m e l t i n g  point materials has increased, ex- 
t ens ive  research i n t o  t h e  mechanical propert ies  of t h e  re f rac tory  metals 
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columbium, molybdenum, tantalum, and tungsten has been conducted. Since 
each of these  metals has a body-centered cubic s t ructure ,  it is t o  be ex- 
pected that t h e  sharp yield point and s t r a i n  aging phenomena resu l t ing  
from an  interact ion between so lu t e  atoms and dis locat ions would occur i n  
these  metals i n  a manner analogous t o  that observed i n  steels [1-41. 
This has been shown t o  be t r u e  f o r  columbium, molybdenum, and tantalum [SI 
where t h e  sharp yield point and s t r a i n  aging have been a t t r i bu ted  t o  
various i n t e r s t i t i a l  so lu te  atoms present i n  these  metals. The sharp 
y ie ld  point and s t r a i n  aging have a l so  been reported f o r  tungsten; 
however, t o  date, insuf f ic ien t  da ta  are available t o  determine which 
i n t  erst it i a l  impurit ies produce these phenomena i n  tungsten. Two in- 
dependent invest igators  have suggested that hydrogen may produce dis- 
continuous yielding and s t r a i n  aging i n  tungsten. The first of these [SI 
observed a d e f i n i t e  yield point i n  tungsten s ingle  c rys t a l s  after anneal- 
ing i n  hydrogen at 600' C (li12' F) for 30 min-ates. 
gator  [71  a t t r ibu ted  t h e  rapid hardening rate of prestrained specimens 
annealed at temperatures up t o  600' C (1112' F) t o  the d i f fus ion  of 
hydrogen t o  unpinned dislocations.  I n  both of these  invest igat ions an 
ana lys i s  of t h e  hydrogen content of t h e  tungsten was not available,  and 
t h e r e  was insuf f ic ien t  da ta  t o  substant ia te  t h e  authors' suggestions. 
I n  a more recent invest igat ion E81 a y ie ld  drop was observed i n  
The second investi- 
tungsten containing small quant i t ies  of carbon. T h i s  suggested tha t  
s t r a i n  aging i n  tungsten should occur i n  a manner analogous t o  that 
observed i n  other re f rac tory  metals and other body-centered cubic 
metals containing s m a l l  amounts of i n t e r s t i t i a l  so lu t e  elements. The 
present invest igat ion was undertaken t o  ve r i fy  t h i s  aspect by studying 
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t h e  k ine t ics  of s t r a i n  aging i n  tungsten containing various amount of 
carbon. 
EXPERIMENTAL PROCEDURF: 
Mat er i a l  
Commercial tungsten rods were received i n  t h e  as-swaged condition 
having a polished ground surface. 
diameter and approximately 7 f e e t  i n  length, were prepared from the 
same powder batch i n  an attempt t o  achieve uniform pur i ty  throughout 
a l l  t h e  tes t  specimens. The major impurities contained i n  t h e  rods 
are l i s t e d  i n  t a b l e  I. 
The tungsten rods, 1/4 inch i n  
Specimen F'reparat ion 
Button heat t e n s i l e  specimens having a 0.140-inch-gage diameter 
and 1.00-inch-gage length w e r e  center less  ground from t h e  1/4-inch- 
diameter rods. 
2 hours at a pressure 
Commercial tungsten rod of t h i s  diameter, that is, t h i s  amount of cold 
work, normally has a recrys ta l l iza t ion  temperature of approximately 
2600' F. 
anneal of 3500' F was required [ 8 ] .  In  order t o  r e a l i z e  a uniform 
gra in  s i z e  throughout both t h e  specimens t o  which carbon was added 
and those  t o  be t e s t e d  having t h e  or ig ina l  carbon content, a re- 
c r y s t a l l i z a t i o n  temperature above the  diffusion anneal temperature was 
desirable .  The resu l t ing  grain s ize  from t h e  r ec rys t a l l i za t ion  +,reat- 
ment was approximately 0.064 millimeter i n  diameter as determined by 
a c i r c  l e  - i n t  er c ept m e t  hod. 
The t e n s i l e  specimens were annealed at  3700' F f o r  
less tpBn 1x10'5 nilli-i-ieter of mercury. 
However, t o  add carbon t o  t h e  tungsten specimen a d i f fus ion  
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The t e n s i l e  specimens were ground t o  a 0.010 inch oversize diameter. 
The f i n a l  diameter (0.130 inch) of the specimens t o  which carbon was 
added was achieved by a two-step process. Prior t o  surface carburiza- 
t ion,  0.005-inch was removed from t h e  diameter of t he  specimens by 
electropolishing i n  order t o  achieve a clean, uniform surface. It was 
observed t h a t  t h i s  procedure enhanced t h e  adherency of t h e  carbon on 
t h e  surface of t h e  specimens during carburization. After carburization 
and subsequent homogenization, t h e  carbon-rich layer  remaining on t h e  
surface of t h e  t e n s i l e  specimens was removed by again electropolishing 
0.005 inches from t h e  diameter of t he  specimens. The reduction i n  
t h e  t r a n s i t i o n  temperature resu l t ing  from electropolishing t h e  sur- 
face [91 allowed t e s t i n g  of t h e  specimens at a temperature appreciably 
below t h e  lowest aging temperature so that fur ther  aging during test  
was unlikely t o  occur. Specimens t o  be t e s t e d  having t h e  or ig ina l  
carbor, content were electropolished d i r ec t ly  t o  the  0.130 inch gage 
d i m e t  er. 
To study t h e  e f fec t  of carbon concentration on s t r a i n  aging of 
tungsten one s e r i e s  of specimens was t e s t e d  with the  or ig ina l  carbon 
l e v e l  of 8 ppm which is generally near t h e  minimum carbon content i n  
c m e r c i a l  tungsten. 
t e n t  of 40 ppm was selected based on t h e  previous investigation [81 
which indicated that s t r a i n  aging might be expected t o  occur as 
A second ser ies  of specimens w i t h  a carbon con- 
evidenced by t h e  yield drop i n  specimens w i t h  36 t o  60 ppm carbon. 
The addi t ion of carbon was accomplished by heating t h e  specimens 
i n  a propane atmosphere and subsequently giving them a high- 
temperature homogenization anneal as described previously 181. 
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Chemical analyses and microstructural  s tud ies  revealed a uniform concentra- 
t i o n  of carbon across  t h e  cross section of t h e  tes t  specimens after an- 
nealing them f o r  4 hours at 3500' i n  vacuum and subsequently removing 
the  remaining carbide layer  by e l ec t  ropolishing. 
Based on t h e  previously observed t r a n s i t i o n  temperature of 695O F 
f o r  specimens with 36 ppm carbon [SI a tes t  temperature of 700° F was 
selected f o r  t h i s  investigation. The temperature of t he  specimen was 
determined by means of a Pt-F't 13 percent R h  thermocouple i n  contact 
w i t h  the  end of t he  specimen. The specimens were tested i n  vacuum 
(c5 microns) i n  an Instron Tensile Machine at a constant cross head 
speed of 0.05 inch per  minute. 
the t e n s i l e  machine t o  calibrate the  cross  head movement w i t h  t h e  
amount of s t r a i n  i n  the specimen. After unloading, the  reduced dia- 
meter and extended length were determined. The p re s t r a in  w a s  ex- 
pressed i n  terms of the p i a s t i c  a t r a i r ;  within the  specimen by the  
quat  ion 
A series of specimens were loaded i n  
E = ln(L/Lo) 
where 
E na tu ra l  s t r a i n  
Lo or ig ina l  length 
L length after prestraining 
The maximum amount of uniform elongation that normally occurs i n  tungsten 
specimens tested at t h i s  temperature (700° F)  is  approximately 15 t o  
20 percent. Therefore, a maximum pres t ra in  of 15 was selected.  Speci- 
mens with 8 ppm carbon were prestrained 0.03, 0.10, and 0.15, while 
those  w i t h  40 ppm carbon were prestrained 0.04, 0,075, 0.10, and 0.15. 
. 
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Aging 
The specimens were aged i n  vacuum at  a pressure of 5~10-* millimeter 
After t h e  furnace was brought t o  t h e  desired temperature f o r  of mercury. 
aging, t h e  specimens were lowered i n t o  t h e  heated zone. Aprroximately 
3 minutes were required f o r  t h e  specimens t o  reach t h e  aging temperature. 
After aging f o r  t h e  desired time, t he  specimens were removed from t h e  
heated zone and allowed t o  cool t o  room temperature. 
selected were 1200°, 1500°, and 1800' F, and times up t o  240 minutes 
were used at each aging temperature. 
Aging temperatures 
Method of Evaluation 
The c r i t e r ion  used t o  measure s t r a i n  aging can best  be explained 
with t h e  use of f igure  1. The first curve depicts t h e  i n i t i a l  pre- 
s t r a i n  test  and subsequent unloading assuming that t h e  yield point is  
present. After aging, reloading of the specimen is i l l u s t r a t e d  i n  t h e  
second or  t h i r d  curves. The s t r a i n  agirii parazeter AYS selected is 
t h e  difference between t h e  load (P) a t  t h e  lower yield point during re- 
loading or t h e  load at 0.2 percent offset  if smooth yielding occurs, 
point r, and t h e  load pr ior  t o  unloading i n  t h e  pres t ra in  t e s t ,  
point p, divided by t h e  cross sectional area Ap of point p, t h a t  
is, 
Metallographic Studies 
For t h e  metallographic examination of t h e  prestrained and aged stat e, 
t h e  specimens were electroetched i n  a 2 percent sodium hydroxide solution 
r o  reveal  t h e  substructure by means of e tch p i t s  [lo]. 
. 
I '  
EXPERTMENTAL FU3SuI;TS 
St ra in  Aging i n  Tungsten - 8 ppm Carbon 
The sharp yield was not observed i n  any of the specimens containing 
8 ppm carbon during t h e  i n i t i a l  p res t ra in  t e s t s  nor upon subsequent aging 
and reloading. The t i m e  dependence of the s t r a i n  aging parameter is  shown 
i n  f igures  2 and 3 f o r  t h e  two extreme aging temperatures investigated 
(1200' and 1800' Fj respect ively) .  
that f o r  zero aging time, that is, immediate reloading after prestraining, 
yielding occurred at t h e  same load as t h e  load p r io r  t o  unloading i n  t h e  
p re s t r a in  test. Therefore, t h e  curves f o r  each p res t r a in  are extrapo- 
l a t e d  t o  a s t r a i n  aging parameter equal t o  zero f o r  zero aging time. 
It should be  noted i n  each of these  f igures  that t h e  s t r a i n  aging 
parameter aYS is negative (as determined i n  f ig .  1, curves 1 and 3) 
f o r  a l l  aging conditions, that is, t h e  y ie ld  stress of t h e  aged speci-  
men is less than t h e  flow stress pr ior  t o  'icnloadirj of %he prestrained 
material. Also cha rac t e r i s t i c  of each of t h e  f igu res  is t h a t  f o r  a l l  
three pres t ra ins  aging f o r  30 and 60 minutes resu l ted  i n  a decrease of 
t h e  s t r a i n  aging parameter with increasing aging time. 
f o r  each prestrain,  t h e  curves f o r  t he  s t r a i n  aging parameter f irst  
reached a minimum, then a maximum, and subsequently dropped again (with 
t h e  exception of t h e  curve f o r  t h e  0.03 prestrained specimens aged a t  
1800' F) as t h e  aging time was increased at both aging temperatures. 
It was observed for severa l  specimens 
Furthermore, 
S t ra in  Aging i n  Tungsten - 40 ppm Carbon 
A sharp y ie ld  was observed for a l l  t h e  specimens containing 40 ppm 
carbon during t h e  i n i t i a l  p res t ra in  t e s t s .  
aging parameter is p lo t ted  i n  f igures  4 t o  6 f o r  t h e  th ree  aging t e m -  
The time dependence of t he  
. 
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peratures. 
aging periods at 1200° F, t h e  s t r a i n  aging parameter 
t h a t  is, the  y ie ld  stress upon reloading is less than  t h e  flow stress 
during i n i t i a l  prestraining. Also of in t e re s t  i n  f igu re  4 i s  that after 
aging for 30 minutes t h e  curves f o r  the  higher pres t ra ins  (0.10 and 0.15) 
exhibited the lowest minimum. 
It should be noted i n  f igure  4 that f o r  30- and 60-minute 
AYS is negative, 
By increasing t h e  aging temperature t o  1500' F the  change i n  y ie ld  
stress was pos i t ive  f o r  a l l  aging times as shown i n  f igu re  5. It should 
be noted that each curve f o r  the lower three pres t ra ins  (0.04, 0.075, 
and 0.10) passes through a maximum while f o r  t he  0.15 prestrained 
specimens increases with aging times up t o  120 minutes. 
AYS 
After aging a t  1800° F, AYS reaches a maximum at a very short  time 
of aging, 30 minutes o r  less ( f ig .  6) ,  f o r  a l l  prestrains .  Continued 
aging at t h i s  temperature r e s u l t s  i n  a gradual decrease i n  t he  magnitude 
of t he  s t r a i n  aging parameter, m g g e s t h ~  th.t the specimens have over 
aged. 
Activation Energy f o r  Yield Point Return i n  
Tungsten Containing 40 Carbon 
After aging at 1200' F f o r  times up t o  120 minutes, a sharp y ie ld  
From the  time point was not obtained upon reloading of t he  specimens. 
necessary t o  obtain a re turn  of t he  yield point upon aging at various 
temperatures an estimate of t he  act ivat ion energy f o r  t he  s t r a i n  aging 
process i n  the tungsten containing carbon can be made. Specimens 
s t r a ined  0.04 were aged at 1200' F fo r  time in t e rva l s  exceeding 120 min- 
utes t o  obtain the  re turn  of a sharp y ie ld  point. 
aged at 1500' F fo r  times less than 30 minutes t o  repress the  occurence 
Specimens were a l s o  
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of a sharp yield point. Figure 7 is  a plot  of l n ( l / t )  (where t is 
t h e  aging time) against 1/T (where T is  t h e  aging temperature i n  
degrees absolute).  
those points which indicated t h e  times at which t h e  sharp y ie ld  point 
would first be observed a t  those temperatures i n  question. 
slope of t h i s  l ine,  t h e  act ivat ion energy was calculated t o  be 50.4 
ki localor ies  per mole. 
The s t ra ight  l i n e  i n  f igure 7 is drawn through 
From t h e  
Microstructural Studies 
Tungsten - 8 ppm carbon. - Figure 8 i l l u s t r a t e s  t he  change i n  micro- 
s t ruc tu re  of a specimen prestrained 0.04 and then aged a t  1200' F. 
Figure 8 ( a )  shows t h e  recrys ta l l ized  microstructure. After s t ra ining 
t o  0.04 s t r a i n  ( f ig .  8 ( b ) ) ,  very l i t t l e  change i n  dis locat ion density 
is observed as evidenced by t h e  number of etch p i t s .  
technique used produces etch p i t s  tha t  have been shown t o  correspond t o  
dis locat ions intersect ing the  surface ClO] ). 
(The etching 
Mo apparer?t c b ~ ~ g e  i n  
dis locat ion density (e tch p i t  density) was observed a f t e r  t h e  aging 
treatments of 30 and 120 minutes as shown in  f igures  8 ( c )  and (a), 
respectively.  
and etched surface on one t e n s i l e  specimen so that t h e  sequence of 
events could be followed within t h e  same specimen. Therefore, due t o  
t h e  radius of curvature of t he  specimen, t h e  photomicrographs may not 
be i n  focus at t h e  edges. 
events f o r  a specimen prestrained 0.15 and aged a t  i 2 O O 0  F. 
parison of t h e  recrys ta l l ized  specimen ( f ig .  9(b)  reveals that a large 
change in  dis locat ion density is  evident from t h e  density of etch p i t s  
present. 
The photomicrographs were taken on t h e  electropolished 
Figure 9 i l l u s t r a t e s  t h e  same sequence of 
A com- 
Figure 10 shows t h e  substructure of t h e  0.15 prestrained 
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specimen af'ter aging f o r  120 minutes a t  1200' F. 
e tch p i t s  are aligned on t h e  s l i p  planes of t h e  gra in  shown i n  t h i s  
f igure.  
It appears t h a t  t h e  
Tungsten - 40 ppm Carbon. - The same sequence of events appeared 
t o  occur for both carbon l eve l s  upon prestraining and aging t h e  speci- 
mens at 1200' F. Also  t h e  microstructures of tungsten of both carbon 
levels after aging at 1800' F bear a strong s i m i l a r i t y  t o  each other. 
Figures 11 and 1 2  reveal t h e  resul t ing microstructures of t h e  specimens 
containing 40 ppm carbon prestrained and then aged a t  1800° F. 
arrows i n  f igu re  11 point t o  carbides prec ip i ta ted  at t h e  gra in  
born-daries. 
arrows seem t o  be aligned on s l i p  planes of each pa r t i cu la r  grain.  
Neighboring grains  do not exhibit  the  same densi ty  of e tch  p i t s  due t o  
d i f f e ren t  or ien ta t ions  [lo]. Upon aging, rows of e tch  p i t s  perpendic- 
ular  t o  t h e  s l i p  planes appear a s  shown i n  f igures  12 (c )  and (d). 
a higher magnification ( f ig .  13), a rectangular network of e tch p i t s  
r e su l t i ng  from aging at 1800' F f o r  120 minutes is  more e a s i l y  ob- 
served. 
The 
In  figure 12(b),  e tch  p i t s  i n  t h e  two gra ins  indicated by 
A t  
DISCUSSION OF RESULTS 
St ra in  Aging i n  Tungsten - 8 ppm Carbon 
The lack of a y ie ld  point i n  the  p re s t r a in  tests or  after aging 
and subsequent t e s t i n g  indicates  that pinning of d i s loca t ions  was 
weak i n  tungsten containing 8 ppm carbon. Therefore, a l l  of t h e  re- 
sults must be a t t r i bu ted  t o  recovery upon annealing i n  t h i s  tempera- 
ture range of 1200° t o  1800' F. 
t h e  recovery process i n  heavily worked tungsten [111 i l l u s t r a t e d  t h a t  
Experimental evidence from s tudies  of 
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recovery as determined by resistivity measurements takes  place a t  a t e m -  
perature  as l o w  as 750° F by removal of vacancies and that polygoniza- 
t i o n  resu l ted  as determined by an  etch-pit technique a f t e r  aging at  
1475' F f o r  30 minutes [121. 
energy, which is believed t o  be t h e  case f o r  tungsten due t o  t h e  separa- 
t i o n  of t h e  recovery and r ec rys t a l l i za t ion  temperatures, both cross  
In  metals having a high stacking f a u l t  
s l i p  and climb are taking place during recovery. 
As noted previously t h e  curves i n  f igures  2 and 3 (1200' and 
1800' F aging temperatures) exhibi t  a minimum a f t e r  aging f o r  60 min- 
utes. AYS 
is obtained f o r  both aging temperatures. The behavior suggests that 
f o r  shor t  aging times t h e  i n i t i a l  recovery process annih i la t ion  of 
d i s loca t ions  (and consequent softening) as a r e s u l t  of t h e  formation of 
a t t r a c t i v e  junctions that r e su l t  i n  a reduction of d i s loca t ion  l i n e  
length [Is]. 
of in te rsec t ions  of dis locat ions of opposite sign. A t  some time i n  
t h e  recovery process, a metastable netmrk of dis locat ions forms. 
This formation of subgrains or polygonization w i l l  tend t o  strengthen 
t h e  specimens as has been shown previously f o r  tungsten [121. There- 
Upon extending t h e  aging time t o  120 minutes a maximum i n  
Annihilation of dis locat ions can a l s o  occ-iir as a r e su l t  
fore,  t h e  increase i n  AYS i n  the curves between 60 and 120 minutes 
at  both aging temperatures seems t o  be cha rac t e r i s t i c  of a change i n  
t h e  recovery process and may be a t t r i bu ted  t o  t h e  formation of sub- 
grains .  Continued aging f o r  longer times allows growth of t h e  network 
t o  occur with an accompanying renewed softening. Alternately,  t h e  in-  
crease i n  AYS between 60 and 120 minutes could be a t t r i bu ted  t o  weak 
d i s loca t ion  locking by t h e  carbon atoms, Due t o  an insuf f ic ien t  
. 
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amount of carbon, however, t h e  locking was not strong enough t o  com- 
p l e t e ly  Overcome t h e  softening due t o  recovery. 
The la rger  decrease i n  A S  for  the higher prestrains,  which is 
pa r t i cu la r ly  evident upon aging a t  1800° F (fig. 3), can be a t t r i bu ted  
t o  the increased driving force f o r  recovery, that is, t h e  increase i n  
s t r a i n  energy f o r  t h e  higher prestrains.  
Finally, of in te res t  i n  f igures  2 and 3 is t h e  temperature de- 
pendence of t h e  change i n  AYS af'ter short  aging times (30 and 60 min). 
Aging t h e  0.10 prestrained specimens f o r  60 minutes a t  1200° F resul ted 
i n  AYS = -2600 pounds per square inch, while a t  1800° F AYS = -4930 
pounds per square inch f o r  t h e  same amount of pres t ra in  and time of 
aging. For t h e  0.15 prestrained specimens, AYS had values of -3185 
pounds per square inch and -7700 pounds per square inch af'ter aging 
f o r  60 minutes at 1200' and 1800' F, respectively. This approximately 
twofold change i n  AYS f o r  t h e  t w o  aging temperatures a-cggests that 
t h i s  temperature dependency of t h e  i n i t i a l  stage of recovery may re- 
f l e c t  a change i n  mechanism. Cross s l i p  is  believed t o  occur at lower 
recovery temperatures and play a limited par t  i n  recovery, while a t  
higher temperatures climb occurs and is believed t o  be t h e  more im- 
portant process 1131. 
s l i p  t o  climb upon increasing t h e  aging temperature from 1200' t o  
1800' F could then account f o r  t h e  twofold change i n  AYS. These 
"he change i n  mechanism of recovery from cross 
processes would be expected t o  be more pronounced w i t h  increasing 
prestrain,  thus f o r  only 0.03 percent t h e  dis locat ion density was 
probably not increased a suf f ic ien t  amount ( f ig .  8)  t o  r e su l t  i n  
l a rge  amounts of recovery occurring. 
. 
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St ra in  Aging i n  Tungsten - 40 ppm Carbon 
Yield point-phenomena. - The t w o  most generally accepted theor ies  
t o  explain t h e  yield point i n  b. c. c. metals a r e  t h e  "dis locat ion locking 
theory" as proposed by Co t t r e l l  and Bilby [11 whereby so lu t e  atoms pin 
t h e  dis locat ions un t i l ,  under an applied s t ress ,  t h e  d is loca t ions  break 
away from t h e i r  so lu te  atmosphere with t h e  resu l t ing  increase i n  number 
of mobile dis locat ions leading t o  t h e  observed y ie ld  point, and t h e  "dis- 
locat ion mult ipl icat ion theory" proposed by Johnston and Gilman [141 and 
expanded t o  t h e  b.c.c. metals by HEthn [151 who assumed that t h e  anchored 
d is loca t ions  remain locked and t h e  yield point is a consequence of 
rap id  mult ipl icat ion of mobile dis locat ions and t h e  s t r e s s  dependence 
of d is loca t ion  velocity.  
not seem t o  be  of consequence t o  t h i s  pa r t i cu la r  investigation. The 
primary point of i n t e re s t  l ies  i n  the  f a c t  that pinning of dis locat ions 
Which one of these  theor ies  is accepted does 
is necessary before t h e  y ie ld  point is observed. 
I n  t h i s  investigation, it was observed that 8 ppm carbon is not 
suf f ic ien t  t o  cause t h e  y ie ld  point i n  tungsten, while 40 ppm is suf- 
f i c i e n t .  Co t t r e l l  and Bilby [l] proposed that 1 o r  2 carbon atoms per 
s i te  along a d is loca t ion  l i n e  would be su f f i c i en t  t o  lock t h e  disloca- 
t ions .  Based on t h i s  idea, 8 ppm carbon should pin t h e  dis locat ions i n  
t h e  annealed specimens if a dis locat ion densi ty  of approximately 
lXl0 centimeters per cubic centimeter is  assumed. As discussed 
r ecen t ly  by Clark [lSI, however, i f  it is assumed that t h e  number 
of i n t e r s t i t i a l  atoms per dis locat ion s i t e  may be as high as 100 f o r  
pinning t o  occur, then 8 ppm carbon would probably not be a su f f i c i en t  
amount t o  p in  t h e  dis locat ions present i n  t h e  annealed specimens, but 
8 
' 
. 
. 
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40 ppm would be expected t o  lock t h e  dislocations and thus produce t h e  
y ie ld  point. 
1200' F Aging temperature. - The t i m e  dependence of t h e  s t r a i n  aging 
parameter shown i n  f igu re  4 f o r  t h e  1200' F aging temperature can be ex- 
plained as follows: f o r  short  times of aging (30 and 60 min) t h e  
negative change i n  t h e  s t r a i n  aging parameter, and t h e  lack of sharp 
yielding upon reloading of t h e  aged specimens indicates  that an ef- 
f e c t i v e  in te rac t  ion between so lu te  atoms and dis locat ions has not oc- 
curred. Therefore, recovery again appears t o  be t h e  predominant f ac to r  
e f fec t ing  t h e  mechanical propert ies  a f t e r  aging at low temperatures for 
short periods of time. A similar observation has been observed i n  
molybdenum [I71  where at  s t r a i n s  greater  than 5 percent recovery e f f ec t s  
tended t o  predominate Over t h e  e f fec ts  of s t r a i n  aging, thus overa l l  
weakening occurred. 
For longer aging times AYS again increased and a l s o  reached a 
pos i t ive  value that is  i n  contrast  fo r  t h e  tungsten specimens contain- 
ing 8ppmcarbon where AYS was always negative f o r  s i m i l a r  aging con- 
d i t  ions (fig. 2) .  Based on t h e  previous discussion, two explanat ions 
could possibly account f o r  t h i s  behavior i n  t h e  tungsten - 40 ppm 
carbon. 
F i r s t ,  polygonization occurs a f t e r  extended aging as evidenced by 
t h e  rectangular network of dislocations shown i n  f igure  13, which w i l l  
lead t o  strengthening as noted previously. Secondly, after longer 
aging times, t h e  carbon atoms may have diffused toward t h e  dis locat ions 
tending t o  block t h e i r  motion but not interact ing su f f i c i en t ly  or  i n  
l a rge  enough number f o r  an observable y ie ld  point. The combination of 
. 
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these  two processes and t h e  f ac t  that more carbon was available thus 
leading t o  stronger pinning of t he  dislocations may account f o r  t he  
grea te r  increase i n  AYS past  t h e  minimum i n  t h e  curves f o r  the 40 ppm 
carbon specimens as compared w i t h  t h e  8 ppm carbon se r i e s  of specimens. 
1500' F Aging temperature. - Increasing t h e  aging temperature t o  
1500° F resul ted i n  sharp yielding of a l l  the  specimens upon reloading. 
This suggests that the shortest  times of aging employed were suf f ic ien t  
t o  allow the carbon atoms t o  d i f fuse  t o  t he  dis locat ions and thus lock 
them. 
AYS) exhibits a maximum as a function of aging t i m e .  The f ac t  that 
m a x i m u m  locking occurs at longer times w i t h  increasing pres t ra in  is 
believed due t o  t he  facts that dis locat ion densi ty  increases with in- 
creasing pres t ra in  and tha t  suf f ic ien t  carbon is not present t o  ef- 
f e c t i v e l y  lock a l l  the dislocations.  
annih i la t ion  of some of t he  dislocations u n t i l  a densi ty  i s  reached 
where max imum locking occurs. The decrease i n  AYS after reaching 
a max imum value f o r  t he  th ree  lower pres t ra ins  ( f ig .  5) is typ ica l  f o r  
age hardenable a l loys  when overaging occurs, supporting the  view [41 
that s t r a i n  aging leads t o  ac tua l  precipi ta t ion along the  dis locat ion 
l i n e  during the aging treatment. The higher values of AYS f o r  the 
0.15 prestrained specimens aged f o r  90 and 120 minutes is believed t o  
be due t o  t he  increase i n  dislocation density, which provides more 
si tes f o r  nucleation of precipi ta tes  and hence increased strengthening 
r e s u l t s  from the  f i n e r  dispersed carbides. 
minutes at 1500' F was not long enough fo r  overaging t o  occur f o r  t he  
0.15 prestrained specimens. 
As shown i n  f igure  5, the locking s t rength (as  indicated by 
m e n d e d  aging time leads t o  
Apparently aging f o r  120 
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1800° F Aging temp erature.  - The time dependence of AYS shown 
i n  f igure  6 indicates t h a t  overaging occurs a f t e r  very short  periods 
of time f o r  a l l  prestrains  investigate&. Phis suggests that diffusion 
of carbon at t h i s  temperature is suf f ic ien t ly  f a s t  f o r  prec ip i ta tes  t o  
form very rapidly. 
Activation Energy For Yield Point Return 
It is expected that the return of t h e  yield point is  dependent 
upon t h e  r a t e  of diffusion of the carbon atoms t o  t h e  free disloca- 
t i ons  produced during prestraining. The value of 50.4 ki localor ies  
per mole calculated from f igure  7 is i n  good agreement w i t h  t h e  re- 
ported values of 59.0 [I81 and 50.6 [I91 ki localor ies  per mole f o r  
t h e  diffusion of carbon i n  tungsten but lower than other values 
(100 and ll0 kcal/mole [ 2 0 ] )  a l so  appearing i n  t h e  l i t e r a tu re .  
ever, the  act ivat ion energy calculated i n  t h i s  investigation may be 
associated with strain-induced diffusion for which t h e  ac t iva t ion  
energy i s  thought t o  be lower than that f o r  l a t t i c e  diffusion. 
of i n t e re s t  concerning the  value of 50.4 ki localor ies  per mole f o r  
t h e  ac t iva t ion  energy f o r  t he  yield point re turn is  that it is much 
higher than t h e  value of 10 t o  15 ki localor ies  per mole reported else- 
where f o r  s t r a i n  aging i n  tungsten [ T I  where hydrogen was postulated 
t o  be t h e  diffusing i n t e r s t i t i a l  impurity and would be expected t o  
have a lower act ivat ion energy. 
How- 
Also 
Microstructural Studies 
The change i n  dis locat ion arrays upon s t ra in ing  (50 percent re- 
duction i n  a rea)  and aging of tungsten has been studied previously by 
severa l  investigators [12, 211, and it was c lear ly  established that 
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recovery takes place i n  the temperature range used here f o r  t h e  aging 
t reatment  8 .  However, t h e  well-defined network of subgrains i l l u s t r a t e d  
i n  t h e  previous s tudies  were not observed i n  the  present investigation. 
Instead, rectangular arrays of dislocations were delineated as shown i n  
f igures  10 and 13 where t h e  etch p i t s  appear t o  be l ined up along s l i p  
l ines .  
By comparing f igures  11 and 12, it can be seen that, after similar aging 
treatments, t h e  dis locat ion densi ty  remains much grea te r  i n  t h e  heavily 
deformed specimen (f ig .  12) .  As previously discussed, t h i s  would lead 
t o  more s i t e s  of easy nucleation fo r  precipi ta tes .  
Similar observations have previously been made on molybdenum [221. 
CONCLUSIONS 
The following s ignif icant  conclusions can be drawn frm the  re- 
sults presented i n  t h i s  study on s t r a i n  aging of tungsten: 
(1) A carbon level of 8 ppm is  not suf f ic ien t  t o  produce a yield 
drop under a l l  p r e s t r a i m  and aging conditions investigated. 
(2)  With a carbon l eve l  of 40 ppm, a yield drop is observed i n  
a l l  pres t ra in  tests. The yield point re turn is observed a f t e r  short 
aging times (15 min) at 1500° and 1800° F, whereas at 1200' F t h e  
y ie ld  point re turn is not observed u n t i l  a f t e r  480 minutes of aging, 
(3) The yield point parameter AYS, which r e f l e c t s  a summary ef- 
f e c t  involving recovery, s t r a i n  aging, and age hardening, is negative 
o r  posit ive,  depending upon t h e  r e l a t ive  contribution of recovery and 
carbon-dislocat ion in te rac t  ion. 
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Element A l  C r  Fe Ni S i  T i  
Composition, ppxn 0.8 1 .7  4.3 0.6 4.1 0.1 
TABU I. - MAJOR IMpuRlTIES IN TUNGSTEN 
V Mo 0 N H C* 
0.5 35 4 1 4 8 
I 
TENSILE SPECIMENS 
* 
Carbon content increased t o  40 ppm i n  one s e r i e s  of specimens fo r  
strain-aging study. 
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Figure 1. - Determination of  s t ra in  aging parameter. 
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Figure 3. - Time dependence of s t ra in  aging i n  tungsten. 
Carbon content, 8 ppm; aging temperature, 1800' F. 
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Figure 4. - Time dependence of s t r a i n  aging i n  tungsten. 
Carbon content, 40 ppm; aging temperature, 1200° F.  
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Figure 5. - Time dependence of s t r a i n  aging i n  tungsten. 
Carbon content, 40 ppm; aging temperature, 1500' F. 
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Figure 6. - Time dependence of s t r a i n  aging i n  tungsten. 
Carbon content, 40 ppm; aging temperature, 1800' F. 
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Figure 9.  - Microstructure of 0.15 pres t ra ined  tungsten.  Carbon content ,  
8 ppm. X500. 
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Figure 10. - Substructure  of 0.15 
p res t r a ined  tungsten.  Carbon 
content ,  8 ppm. X1000. 
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Figure 11. - Microstructures of 0.04 prestrained tungsten.  
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Figure 1 2 .  - Microstructures of 0.15 prestrained tungsten.  Carbon content,  
40 ppm. X500. 
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Figure 13. - Substructure  of 0.15 
p r e s t r a i n e d  tungsten.  Carbon 
content ,  40 ppm. X1000. 
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